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Evidence has been found for a change in the ordered occupation of the vanadium d orbitals at the
77 K phase transition in YVO3, manifested by a change in the type of Jahn-Teller distortion. The orbital
ordering above 77 K is not destroyed at the magnetic ordering temperature of 116 K, but is present as
far as a second structural phase transition at 200 K. The transition between orbital orderings is caused
by an increase in octahedral tilting with decreasing temperature.
DOI: 10.1103/PhysRevLett.87.245501 PACS numbers: 61.10.Nz, 61.12.Ld, 61.50.Ks, 71.70.EjThe transition metal perovskite oxides ABO3 form the
basis for many interesting physical phenomena such as
high Tc superconductivity, ferroelectricity, and colossal
magnetoresistance. Despite these materials being the sub-
ject of intense study, in many cases their crystal structures
have not been investigated in detail. For insulating mate-
rials containing a B cation with orbital degeneracy such
as Ti31, V31, Mn31, and Ni31, long-range ordering of the
occupied d orbitals is expected to take place below a transi-
tion temperature and will be accompanied by a Jahn-Teller
(JT) distortion. Among the undoped perovskite oxides,
JT distortions have been reported only for LaMnO3 [1],
LaVO3 [2], GdTiO3 [3] and YTiO3 [3,4]. However, orbital
ordering can have profound and hitherto unrecognized ef-
fects on physical properties, such as the insulator-metal
transition and charge order in doped La12xMxMnO3 [5,6].
In this Letter, we report on the orbital ordering in YVO3.
The orbital ordering of t2g electron systems is reflected
structurally to a lesser extent than that of eg systems but
can still have a dramatic influence on the physical proper-
ties. We show that the orbital ordering in YVO3 takes place
at 200 K which, contrary to previous assumptions, is far
above the antiferromagnetic (AFM) ordering temperature
TN  116 K. Moreover, there is a change in symmetry
of the orbital ordering at TS  77 K. This is induced by
an increased tilting of the octahedra with decreasing tem-
perature, and it changes the easy axis of the V31d2S  1
spin, resulting in a magnetic structure transition and a re-
versal of the net ferromagnetic moment of the canted AFM
state [7].
We have previously described the unusual magnetic
properties of YVO3 [7,8]. YVO3 adopts a distorted
perovskite structure with the space group Pbnm [9] at
room temperature. At TS there is a first order structural
phase transition involving a sudden change in the unit cell
volume, below which a JT ordered state is present [8]. A45501-1 0031-90070187(24)245501(4)$15.00tetragonal distortion of the octahedra, where the long and
short V-O bond distances alternate along the [110] and
11¯0 directions of the ab plane, causes a splitting of the
V t2g orbitals into a doublet of lower energy and a singlet
of higher energy. The doublet contains the xy orbital,
which is always occupied, and either the zx or yz orbital.
This ordered, alternating occupation of the V dzx and dyz
orbitals between adjacent cations is shown schematically
in Figs. 1 and 2. We believe that the change in magnetic
structure [10] is caused by a change from C-type orbital
ordering (OO) below TS to G-type OO above TS (Fig. 2).
This statement is supported by the Goodenough-Kanamori
rules [11], band structure calculations [12], and model
Hartree-Fock calculations [13]. Experimentally, the only
suggestion of G-type OO thus far has been provided by
resonant x-ray scattering studies at the vanadium main K
edge [14], although there is some debate about whether
layer 1 layer   2
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FIG. 1. Schematic picture of JT distortion in the ab plane of
YVO3 below 200 K; the unit cell is marked with a dotted line.
Occupied V dzx and dyz orbitals are shown (x, y, and z refer to
nominal cubic perovskite axes); dxy orbitals are always occupied.
There are two possible arrangements of alternating long (marked
with arrows) and short V-O bonds, forming layers 1 and 2.© 2001 The American Physical Society 245501-1
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FIG. 2. Schematic representation of relationship between
AFM ordering, orbital ordering, and space group symmetry
found in YVO3. Occupied dzx and dyz orbitals are shown.
Arrows represent AFM-ordered moments (arbitrary directions).
The V-O bonding arrangement in successive layers (see Fig. 1)
is either “in phase” (Pbnm) or “out of phase” (P21a).
orbital ordering can be directly observed at this energy
[15,16]. In terms of the crystal structure, G-type OO
is incompatible with Pbnm symmetry since two crystal-
lographically distinct JT-distorted ab planes are required,
with “out of phase” bonding arrangements; in Pbnm all
ab planes are rendered equivalent by the mirror planes
at z  14 and 34, and the bonding arrangement is
“in phase.” We provide here the first crystallographic
evidence for G-type OO above TS .
Single crystals of YVO3 were prepared as previously de-
scribed [8]. Time-of-flight neutron powder diffraction data
were collected on the instrument POLARIS at the ISIS fa-
cility using pulverized single crystals. The data were ana-
lyzed by the Rietveld method as implemented in the GSAS
program suite [17]. Synchrotron x-ray diffraction was per-
formed on beam line ID11 at ESRF, on a small single
crystal fragment of approximate dimension 0.01 mm at an
x-ray energy of 42 keV. Structural determination and re-
finement was carried out using the SHELXTL package [18].
Rietveld refinements using the neutron diffraction data
utilized the 145 K, Pbnm structure described by Nakotte
et al. [19] as a starting model; a JT distortion of the “in
phase” type corresponding to C-type OO was apparent at
65 K. Refinements were also carried out in the monoclinic
space group P21a [9] with b  90±, using the LaVO3
structure as a starting model. An “out of phase” JT dis-
tortion corresponding to G-type OO was present between
80 and 180 K. However, there was no significant differ-
ence at any temperature between the quality of fits and
hence no evidence to prove that the symmetry is ever lower
than Pbnm.
The inconclusive structural refinement results from the
powder diffraction study led us to continue our investiga-
tion using synchrotron x-ray single crystal diffraction. It
soon became apparent that many weak reflections violating
Pbnm symmetry appeared on cooling through 200 K. We
note that both a change in slope of the magnetic suscepti-
bility and an anomaly in the thermal expansion were pre-245501-2viously observed at this temperature [8]. The intensity of
one such forbidden reflection (401) is plotted as a function
of temperature in Fig. 3. This provides definitive evidence
for a phase transition with a lowering of the symmetry at
approximately 200 K. The forbidden reflections are very
weak compared to those allowed in Pbnm, being of the
order of 1024 times the intensity, and are therefore almost
impossible to detect using a conventional laboratory x-ray
source.
The data sets collected at 295, 225, and 50 K were
consistent with the space group Pbnm and did not con-
tain any extra reflections; the refinements gave structures
very close to those obtained from the neutron diffraction
study at similar temperatures. A strong JT distortion corre-
sponding to C-type OO was present in the 50 K structure.
However, the data sets collected at between 80 and 175 K
contained many extra, weak reflections; the reflection con-
ditions were consistent with the space group P21a. The
introduction of a pseudo-merohedral twinning model in-
volving domains rotated with respect to each other by 180±
around the a or c axis (both rotations are equivalent in
P21a improved the refinements considerably. The ab
planes in all of the refined structures between 80 and 175 K
contained the expected alternating pattern of long and short
V-O bonds. The bonding patterns in successive planes
were “out of phase,” characteristic of G-type OO.
The structures obtained from the synchrotron and neu-
tron data refinements were very similar. In this case the
two techniques are complementary, the synchrotron data





























FIG. 3. Temperature dependence of the “forbidden” (401) re-
flection measured by synchrotron x-ray diffraction. Intensities
with large error bars were obtained from the automatic inte-
gration of an entire data file; intensities with small error bars
were integrated individually. The inset shows a section through
reciprocal space obtained at 175 K where the (401) and other
“forbidden” (h0l), h 1 l ﬁ 2n reflections are apparent; inten-
sities of reflections are represented by sizes of circles.245501-2
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structural parameters if the correct space group is known.
Details of the refinements and the resulting structures will
be published elsewhere; crystallographic data are also
available online [20].
The V-O bond lengths obtained using the neutron data
are plotted as a function of temperature in Fig. 4. At
temperatures below the 200 K phase transition there is a
clear JT distortion in both orbitally ordered temperature
regimes. The difference between the longest and shortest
bond lengths (0.06 Å) is small compared to that in an
eg orbitally ordered system such as LaMnO3 ( 0.27 Å)
[1] but similar to that present in the t2g orbitally ordered
systems LaVO3 [2], YTiO3, and GdTiO3 [3,4]. In YTiO3,
GdTiO3, and LaMnO3 the onset of JT distortion also
occurs at temperatures far above the onset of magnetic
ordering; the magnetic and orbital ordering tempera-
tures in perovskites appear to be completely independent.
Among the orthovanadates, the AFM ordering temperature
steadily decreases from 144 K for LaVO3 [21] to 101 K
for LuVO3 [22] as the lanthanide cation decreases in size
from left to right across the series. This is due to an in-
crease in the degree of octahedral tilting, which leads to the
vanadium 3d electrons becoming more localized and the
V-O-V superexchange interactions becoming weaker. The
general trend of the orbital ordering temperature in ABO3
perovskites across the lanthanide series, as manifested
by the onset of JT distortion, has been little investigated;
among the orthovanadates the JT ordering temperature
is only known for LaVO3 (between 140 and 145 K [2])
and now YVO3 (200 K). This is perhaps due to the
difficulty in recognizing G-type OO in these two materials
(and which is probably present in all the orthovanadates
from LaVO3 to DyVO3); it is incompatible with Pbnm
symmetry and can be detected only if a lowering of
FIG. 4. Temperature dependence of V-O bond distances deter-
mined using neutron powder diffraction. For the P21a struc-
tures, the “equivalent” V-O distances in successive layers 1 and 2
(see Fig. 1) have been averaged. Typical error bars are 0.001 Å.245501-3the symmetry to monoclinic is observed. In the case of
YVO3 the unit cell remains metrically orthorhombic, and
the reflections violating Pbnm in diffraction experiments
are so weak that single crystals and high intensity syn-
chrotron radiation are required in order to detect the phase
transition involved. An additional complication is the
pseudo-merohedral twinning inherent in perovskite single
crystals that undergo an orthorhombic to monoclinic phase
transition; it does not lead to the appearance of additional
reflections and can be difficult to identify.
The yttrium position determined from the synchrotron
refinements is plotted as a function of temperature in
Fig. 5a. The z coordinate has been neglected since it is
fixed by symmetry for the Pbnm structures and deviates
very little from 14 or 34 for the P21a structures.
The yttrium cation does not remain in the same position
relative to the fixed vanadium cations, but moves steadily
in the direction shown in Fig. 5a as the temperature is
lowered to 80 K. Below TS the shift appears to change
direction, becoming close to [100]. The magnitude of
the shift relative to the 295 K position (Fig. 5a, inset) is
of the order of 0.008 Å between 295 and 80 K, with a
FIG. 5. (a) Variation of yttrium x and y coordinates with
temperature; the inset shows the magnitude of Y shift (zero
point taken as 295 K position). (b) Temperature dependence of
V-O-V angle along c axis.245501-3
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This movement of the A-site cation is probably caused by
an increase in the degree of octahedral tilting [13]. The
V-O-V bond angle between adjacent octahedra along the
c axis, as obtained from the neutron diffraction study,
is plotted as a function of temperature in Fig. 5b; it
decreases over the temperature range studied and mirrors
the trend of the yttrium site shift. For perovskites in
general, the displacement of oxygen atoms from their
ideal positions due to octahedral tilting will tend to push
the A-site cation in a given direction, as explained in
detail by Mizokawa et al. [13]. The driving force for this
shift is the maximization of A-O covalency (hybridization
between the A-site cation d orbitals and the oxygen ion
2p orbitals); it is energetically favorable for the A-site
cation to remain close to four nearest neighbor oxygen
ions, while little energy is lost in moving further away
from the oxygen ions situated at a greater distance. This is
the case in YVO3, where there are four Y-O distances of
between 2.24 and 2.30 Å, the next shortest distance being
2.49 Å. The C-type OO is stabilized by a high degree of
octahedral tilting because two of the four closest oxygen
ions, one in each of two successive ab planes, are moved
in approximately the same direction by the corresponding
JT distortion, allowing the A-site cation to be pushed in
a given direction while retaining close contact with all
four oxygen ions. However, when G-type OO is present,
the oxygen ion shifts in successive ab planes are out of
phase with respect to each other and the A-site cation is
pushed in two conflicting directions at once, decreasing
the energy gain due to the A-O hybridization energy. It
follows that C-type OO is predicted to be most stable
for perovskites with a large degree of octahedral tilting,
while G-type OO is more stable for lesser degrees of
tilting, where the energy gain from the orbital ordering
is greater than that from the A-O hybridization [13].
The type of AFM ordering is determined by the type of
orbital ordering, if present, but the onset temperature of
each is independent. In going from left to right across
the lanthanide orthovanadate series, it has been reported
that a change from ground-state C-type to G-type AFM
ordering takes place between DyVO3 and HoVO3 as the
octahedral tilting increases [22]; this agrees with the above
argument. A simultaneous transition from ground-state
G-type to C-type OO is almost certainly responsible for
the crossover in AFM structures, but has not been investi-
gated. The Y31 cation is very similar in size to Ho31, and
YVO3 appears to be a unique material with octahedral
tilting of a critical magnitude, at which both possible
orbital ordering configurations are of similar energies.
The slight increase in the degree of octahedral tilting with
falling temperature causes a transition from G-type to
C-type OO on cooling through TS . The rearrangement of245501-4the occupied orbitals in turn forces a change in the type of
AFM configuration and in the direction of the easy axis,
leading to a reversal of the net ferromagnetic moment.
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